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Kaiserslautern, GermanyABSTRACT Many proteins are anchored to lipid bilayer membranes through a combination of hydrophobic and electrostatic
interactions. In the case of the membrane-bound nonreceptor tyrosine kinase Src from Rous sarcoma virus, these interactions
are mediated by an N-terminal myristoyl chain and an adjacent cluster of six basic amino-acid residues, respectively. In contrast
with the acyl modifications of other lipid-anchored proteins, the myristoyl chain of Src does not match the host lipid bilayer in
terms of chain conformation and dynamics, which is attributed to a tradeoff between hydrophobic burial of the myristoyl chain
and repulsion of the peptidic moiety from the phospholipid headgroup region. Here, we combine thermodynamic information
obtained from isothermal titration calorimetry with structural data derived from 2H, 13C, and 31P solid-state nuclear magnetic
resonance spectroscopy to decipher the hydrophobic and electrostatic contributions governing the interactions of a myristoy-
lated Src peptide with zwitterionic and anionic membranes made from lauroyl (C12:0) or myristoyl (C14:0) lipids. Although
the latter are expected to enable better hydrophobic matching, the Src peptide partitions more avidly into the shorter-chain lipid
analog because this does not require the myristoyl chain to stretch extensively to avoid unfavorable peptide/headgroup interac-
tions. Moreover, we find that Coulombic and intrinsic contributions to membrane binding are not additive, because the presence
of anionic lipids enhances membrane binding more strongly than would be expected on the basis of simple Coulombic attraction.INTRODUCTIONApproximately 5% of all cellular proteins and peptides bind
to membranes by means of covalently attached lipid moi-
eties (1,2). These binding motifs are particularly common
among proteins involved in signal transduction (3) and
comprise an astonishing structural variety including myris-
toyl, palmitoyl, farnesyl, geranylgeranyl, and cholesteryl
modifications (2). Membrane binding of such lipid-modified
proteins is primarily driven by the hydrophobic effect; that
is, dehydration of the lipid moiety upon membrane insertion
gives rise to a large, favorable change in Gibbs free energy.
Hydrophobic burial of an aliphatic chain is accompanied by
a change in Gibbs free energy of 3.45 kJ/mol per methy-
lene group (4,5), thus providing a strong driving force for
membrane binding of proteins and peptides bearing long-
chain lipid modifications. However, hydrophobicity is not
the only factor at play, because membrane binding is further
modulated by electrostatic interactions (most notably,
Coulombic attraction to or repulsion from the membrane
and polar (de)hydration effects) as well as an entropic pen-
alty incurred when an intrinsically flexible macromolecule
binds to a membrane (4–7). From detailed quantitative ther-
modynamic analyses of several such interactions (4,8), it
has been concluded that at least two lipid modificationsSubmitted May 6, 2015, and accepted for publication June 24, 2015.
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0006-3495/15/08/0586/9are required to tightly anchor a protein to a lipid bilayer
membrane such as to reduce the fraction of free protein in
the aqueous phase to negligible values (2). Alternatively,
the concerted action of the hydrophobic insertion of one
lipid chain and additional Coulombic attraction between
negatively charged phospholipid headgroups in the mem-
brane and clusters of basic amino acids on the protein also
allows for stable membrane anchoring (9).
During the last decade, the structural basis of membrane
binding mediated by covalently attached lipid modifica-
tions has been intensely studied. In particular, nuclear mag-
netic resonance (NMR) spectroscopy of the human N-Ras
protein has provided a structural view of the membrane-
inserted lipid modifications of the protein (10–12), the
conformation of the membrane-associated protein moiety
(13,14), and the structural dynamics of the amino-acid res-
idues interacting with the membrane surface (15,16). Inter-
estingly, the Ras palmitoyl chain has been shown to adjust
its length to the hydrophobic thickness of the host mem-
brane to maximize favorable hydrophobic interactions
(17). Thus, the Ras palmitoyl chain can vary its length be-
tween 8.7 A˚ to insert into a C12:0 DLPC (1,2-dilauroyl-
sn-glycero-3-phosphocholine) membrane and 15.5 A˚ to
perfectly match the C16:0 chains in a DPPC (1,2-dipal-
mitoyl-sn-glycero-3-phosphocholine)/cholesterol mixture
(17). By contrast, for the myristoylated GCAP-2 protein,
chain adaptation has been observed only in DMPC (1,2-di-
myristoyl-sn-glycero-3-phosphocholine) (18) but not inhttp://dx.doi.org/10.1016/j.bpj.2015.06.051
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membranes (19), where the GCAP-2 chain is shorter than
the hydrophobic thickness of the host membrane.
The situation appears to be more complicated for proteins
that bind to the membrane through one lipid chain and addi-
tional electrostatic interactions. A prominent example is
provided by the membrane-bound nonreceptor tyrosine ki-
nase Src from Rous sarcoma virus, which is myristoylated
at its N-terminus and contains a cluster of six basic residues
comprising three lysines in positions 5, 7, and 9 as well as
three arginines in positions 14–16 (20). The importance of
the myristoyl modification is underlined by the finding
that nonmyristoylated mutants of Src do not induce the
morphological transformation of infected cells typical of
the wild-type protein (21,22). For a membrane-associated
peptide derived from Src, which also comprises the N-ter-
minal myristoyl chain and the six-residue basic cluster,
membrane-partitioning experiments (9,23) have suggested
that only 10 carbons of the myristoyl chain are inserted
into the membrane. This structural arrangement is due to a
balance between attractive hydrophobic and Coulombic
interactions on the one hand and dehydration effects and
image-charge or Born repulsion on the other (9,24). Accord-
ingly, the peptide moiety of Src is thought to be localized
above the membrane surface, with one or more water layers
in between the peptide and the membrane surface, thus
preventing full insertion of the myristoyl chain (25). For
nonmyristoylated Src(2–19), a free-energy minimum has
been postulated at a distance of ~3 A˚ between the van der
Waals surfaces of the peptide and an anionic membrane
(9), corresponding to one layer of water molecules (24).
In the case of myristoylated Src(2–19), 2H NMR spectros-
copy has revealed that the acyl chain of the peptide is
much more extended than the phospholipid acyl chains in
a zwitterionic DMPC bilayer, such that insertion of only
~11.5 carbons of the myristoyl chain suffices to match the
hydrophobic thickness of the host membrane. In the pres-
ence of negatively charged lipids, the length difference be-
tween the myristoyl chain of Src and the phospholipid
acyl chains is somewhat diminished (26) because the latter
are slightly longer than in a zwitterionic membrane.
Here, we combine thermodynamic and structural data on
the myristoylated Src peptide comprising amino-acid resi-
dues 2–19, which represent the membrane anchor of Src
(23,26,27), bound to zwitterionic and anionic membranes
made from phospholipids containing saturated C12:0
(lauroyl) DLPC or C14:0 (myristoyl) DMPC chains. Using
2H NMR spectroscopy, we precisely determined the length
of the membrane-inserted lipid chain and compared this to
the hydrophobic thickness of the host membrane. For the
same systems, we carried out thermodynamic measure-
ments yielding the binding free energy using isothermal
titration calorimetry (ITC). Through the combination of
these two experimental approaches, we could decipher the
hydrophobic and electrostatic contributions to the Gibbsfree energy of membrane partitioning and discuss the mem-
brane interactions of a lipid-modified peptide on the basis of
an extensive set of structural and thermodynamic data.MATERIALS AND METHODS
Materials
The phospholipids DLPC, DMPC, DLPS (1,2-dilauroyl-sn-glycero-3-
phospho-L-serine), and DMPS (1,2-dimyristoyl-sn-glycero-3-phospho-
L-serine), and their perdeuterated analogs DLPC-d46, DMPC-d67, and
DMPS-d54, were all purchased from Avanti Polar Lipids (Alabaster, AL)
and used without further purification.
Synthesis of the myristoylated Src peptide, which comprises amino-acid
residues 2–19 of the Src protein, myr-GSSKSKPKD PSQRRRSLE-NH2,
was performed using standard Fmoc solid-phase peptide synthesis. The
peptide was synthesized with either a protonated (myr-Src) or a perdeuter-
ated (myr-d27-Src) myristoyl chain. For
13C magic-angle spinning (MAS)
NMR measurements, uniformly 13C/15N-labeled amino acids were intro-
duced into positions Gly2, Lys9, and Ser17. Deuterated myristic acid and
labeled Fmoc-protected amino acids were purchased from Eurisotop (Saar-
bru¨cken, Germany).Sample preparation
For ITC samples, mixtures of DLPC/DLPS or DMPC/DMPS, each at a
molar ratio of 7:3, were prepared in chloroform. After evaporation of the
solvent in a rotary evaporator, the lipid film was resuspended in aqueous
buffer (50 mM HEPES, 10 mM NaCl, and 1.5 mM HEDTA (n-(2-hydrox-
yethyl)-ethylenediamine-N,N0,N0-triacetic acid) at pH 7.4) by vortexing for
~5 min, and the lipid dispersion thus obtained was subjected to five freeze-
thaw cycles. HEDTA was included in the buffer to prevent vesicle fusion,
which might be induced by traces of divalent cations (28). Pure DLPC
and DMPC powders were directly suspended in buffer (50 mM HEPES
and 10 mM NaCl at pH 7.4). To obtain large unilamellar vesicles
(LUVs), the lipid suspension was extruded using a LipoFast extruder and
two stacked polycarbonate membranes having a pore diameter of 100 nm
(Avestin, Mannheim, Germany). Vesicles were prepared and stored above
the main phase-transition temperature of the lipids used, that is, at room
temperature for C12:0 lipids and at 37C for C14:0 lipids. Peptide stock
solutions were prepared by dissolving the peptide powder in buffer and
stored at 4C.
For NMR samples, lipid mixtures were prepared in chloroform, and, after
evaporation of the solvent, the lipid film was resuspended in buffer solution
(50 mM HEPES and 10 mM NaCl at pH 7.4). LUVs were prepared by
extrusion as described above. Aliquots of the Src peptide were added to
the LUVs at a molar peptide/lipid ratio of 1:20, and samples were incubated
overnight above the main phase-transition temperature of the lipids. During
incubation, 10 freeze-thaw cycles were applied to enable binding of the
peptide to the inner leaflet of the vesicle membrane and to ensure homog-
enous peptide distribution. After incubation, the suspension was ultracentri-
fuged at 4C for 1.5 h at 79,000 g. The pellet was lyophilized overnight,
rehydrated in 35 wt % deuterium-depleted water, and transferred into
5-mm glass vials, which were tightly sealed for NMR measurements.Isothermal titration calorimetry
Isothermal titration calorimetry (ITC) experiments were conducted at 25 or
37C on a VP-ITC device (Malvern Instruments, Worcestershire, UK) by
injecting small aliquots of an LUV suspension into a solution of Src pep-
tide. Experimental settings included a reference power of 12.6 mJ/s, a filter
period of 2 s, a stirring speed of 310 rpm, injection volumes of 3–10 mL, and
time spacings of 450–720 s.Biophysical Journal 109(3) 586–594
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performed using the program NITPIC (29). For each lipid composition,
four datasets were analyzed globally in terms of a surface partition model
taking into account Coulombic interactions between free peptide molecules
in the aqueous phase and the membrane according to Gouy-Chapman
theory (30). Nonlinear least-squares fitting (31) was performed in a modi-
fied version of a Microsoft EXCEL spreadsheet (Microsoft, Redmond, WA)
presented in Vargas et al. (30) using the PREMIUM SOLVER PLATFORM
add-in (Frontline Systems, Incline Village, NV). Confidence intervals were
determined by error-surface projection using Fisher’s distribution at a con-
fidence level of 95% (31).Dynamic light scattering
The integrity of LUVs was confirmed by dynamic light scattering (DLS).
Measurements were carried out both before and after ITC titrations at
the storage temperature of the vesicles and the temperature at which the
respective ITC experiment was performed. Disposable polystyrene cuvettes
(1 mL; Sarstedt, Nu¨mbrecht, Germany) and quartz glass cuvettes (60 mL;
Hellma, Mu¨llheim, Germany) were used for vesicle suspensions in the
absence and presence of peptide, respectively. Measurements were done
at a scattering angle of 90 on a Zetasizer Nano S90 instrument (Malvern
Instruments) equipped with a He–Ne laser with a wavelength of 633 nm.
Temperature equilibration was performed for 2 min before each measure-
ment. The number of runs per measurement and the attenuator position
were set automatically by the instrument software.2H NMR measurements
2H NMR spectra were acquired on an Avance I 750-MHz NMR spectrom-
eter (Bruker Biospin, Rheinstetten, Germany) operating at a 2H resonance
frequency of 115.1 MHz using a single-channel solids probe equipped with
a 5-mm solenoid coil. A phase-cycled quadrupolar echo sequence (32) was
used with a 90 pulse typically 3.0 ms in length and a relaxation delay of 1 s.
All measurements were conducted at a temperature of 30C.
2H NMR powder spectra were de-Paked (33), and order parameter pro-
files of the acyl chains (34) were determined from the observed quadrupolar
splitting, DnQ(n),
DvQðnÞ ¼ 3
4
e2qQ
h
SðnÞ; (1)
where e2qQ/h is the quadrupolar coupling constant (167 kHz for 2H in a
C-2H bond) and S(n) is the chain-order parameter for the nth carbon posi-
tion in the chain. The average length of the acyl chain, Lc*, also referred to
here as the ‘‘chain extent’’, and the mean interfacial area, A, were calculated
according to the mean-torque model (11,35,36).13C MAS NMR measurements
All 13C MAS NMR experiments were conducted on an Avance III
600-MHz spectrometer (Bruker Biospin) operating at a resonance fre-
quency of 600.1 MHz for 1H and 150.9 MHz for 13C using a double-
channel 4-mm MAS probe. The MAS frequency was 9 kHz; the typical
90 pulse length for 1H and 13C was 4 ms; the cross-polarization contact
time was 700 ms; the relaxation delay was 2.5 s; and the temperature was
30C. For 1H dipolar decoupling during acquisition, a SPINAL64
sequence with a radiofrequency amplitude of 65 kHz was applied. For
peak assignment, a standard 1H-13C heteronuclear correlation spectrum
(37) was measured. 1H chemical shifts were referenced to the DMPC
glycerol-G2 protons at 5.31 ppm, while 13C chemical shifts were exter-
nally referenced to the Gly 13CO signal (176.45 ppm), both relative to
tetramethylsilane.Biophysical Journal 109(3) 586–594Spin-diffusion experiments from the lipid to the membrane-bound myr-
Src peptide were carried out using a published pulse sequence (38). A T2
filter of 2 ms and spin-diffusion times from 0.01 to 900 ms were used.
The intensities were normalized to 1 for the longest spin-diffusion time
of 900 ms. Spin-diffusion buildup curves were simulated as a function of
mixing time, tm, using a one-dimensional lattice model (26). In this model,
the magnetization of a given spin, Mi, is transferred to the neighboring
spins, Mi–1 and Miþ1, according to
DMi=Dtm ¼ 2UMi þ UMiþ1 þ UMi1: (2)
The rate of magnetization transfer, U¼ D/a2, depends on the spin-diffusion
coefficient, D, and the distance between spins, a. Simulations were carried
out using D ¼ 0.0012 nm2/s and a ¼ 0.2 nm (38).RESULTS AND DISCUSSION
Peptide and lipid acyl chain conformations in
DLPC and DLPC/DLPS membranes
We started our investigations with the determination of the
chain geometry and packing parameters of the lipid chain
of myr-Src in comparison to the chains of the surrounding
phospholipid matrix by 2H NMR spectroscopy. Because
such measurements have already been performed for myr-
Src in DMPC and DMPC/DMPS membranes (26), we pre-
sent here data for DLPC and DLPC/DLPS mixtures. All 2H
NMR spectra (Figs. S1 and S2 in the Supporting Material)
of DLPC-d46 in the presence and absence of myr-Src as
well as of the acyl chain of myr-d27-Src in DLPC or DLPC/
DLPSmembranes revealed typical powder spectrawith a dis-
tribution of Pake doublets of various magnitudes, indicative
of an order gradient in the lamellar liquid-crystalline phase
state of phospholipid membranes (11,18,26). From these
NMR spectra, it can be concluded that the myristoyl chain
of myr-Src is well incorporated into the membrane.
From the dePaked 2H NMR spectra, we derived order-
parameter plots as shown in Fig. 1 (34). Order parameters
of DLPC (Fig. 1 A) and DLPC/DLPS mixed membranes
(Fig. 1 B) were virtually identical in the presence and
absence of myr-Src, in agreement with our previous findings
(26) for DMPC and DMPC/DMPS membranes. This was
confirmed by very similar chemical-shift anisotropies in
31P NMR spectra of the lipid membranes in the presence
and absence of myr-Src (Fig. S3). NMR spectra of myr-
d27-Src in both lipid membranes exhibited significantly
larger quadrupolar splittings corresponding to higher-order
parameters, as also shown in Fig. 1. These results may, at
first sight, be explained by the fact that the myristoyl chain
of myr-Src is two carbons longer than the lauroyl chains of
the phospholipids. However, as our previous study (26) on
DMPC and DMPC/DMPS membranes has demonstrated,
the myr-Src myristoyl chain exhibits larger order parameters
than the surrounding membrane lipids even when their car-
bon numbers are identical.
To obtain deeper insights into the membrane organization
of myr-Src in DLPC and DLPC/DLPS bilayers, geometric
FIGURE 1 2H NMR order parameters of (A) myr-Src in DLPC
membranes and (B) myr-Src in 7:3 DLPC/DLPS membranes at a peptide/
lipid ratio <1:20 at 30C. Order parameters, S, are plotted versus carbon
numbers, n, of deuterated acyl chains.
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to the mean-torque model (35,36). Table 1 reports the
average chain length, Lc*, and the average cross-sectional
area of each chain A. As can be seen, the length difference
between the C12:0 DLPC chains and the C14:0 peptide
chain amounted to 2.5 A˚ in the case of pure DLPC mem-TABLE 1 Calculated geometric parameters
Description Lc* (A˚) A (A˚
2)
DLPC-d46 8.3 30.5
myr-Src/DLPC-d46 8.3 30.6
myr-d27-Src/DLPC 10.8 28.6
DLPC-d46/DLPS 8.5 29.5
myr-Src/DLPC-d46/DLPS 8.5 29.6
myr-d27-Src/DLPC/DLPS 10.8 28.7
DMPC-d54 10.3 29.2
myr-Src/DMPC-d54 10.2 29.2
myr-d27-Src/DMPC 11.5 27.9
DMPC-d54/DMPS 10.7 27.6
DMPC/DMPS-d54 10.7 27.7
myr-Src/DMPC-d54/DMPS 10.3 28.8
myr-Src/DMPC/DMPS-d54 10.7 28.2
myr-d27-Src/DMPC/DMPS 11.3 27.8
Chain extent, Lc*, and mean interfacial area, A, are given for the deuterated
hydrocarbon chains of all systems investigated here and, for comparison, of
myr-Src in DMPC and 7:3 DMPC/DMPS membranes (26).branes and 2.3 A˚ in the case of mixed DLPC/DLPS
membranes.
From the average lengths of the acyl chains of myr-Src
and the phospholipids (Table 1), we determined the number
of carbon atoms that are inserted into DLPC and DLPC/
DLPS membranes. If we assume that, on average, the car-
bons are equally spaced, the average distance between two
carbons of the myristoyl chain of myr-Src is 0.83 A˚, which
means that ~10 carbons of this chain have to be inserted to
match the 8.3 A˚ hydrophobic thickness of one leaflet of the
DLPC host membrane. Similarly, as determined previously
(26), ~11.5 carbons of the myr-Src acyl chain are inserted
into the DMPC host membrane. These numbers change
only very slightly in DLPC/DLPS and DMPC/DMPS sys-
tems, respectively (Table 1). These calculations are based
on the assumption of optimized membrane packing, that
is, that the methyl groups of the myristoyl chains of both
the peptide and the phospholipids are aligned, on average,
at the same z coordinate.Surface-partition model
Titrations of LUVs to solutions of myr-Src were monitored
by ITC, and data were analyzed in terms of a surface-parti-
tion model taking into account Coulombic effects according
to Gouy-Chapman theory (30,39,40). In this model, all non-
Coulombic interactions of a charged peptide with a lipid
membrane are described as a partition equilibrium between
the interfacial aqueous phase, that is, the aqueous phase
adjacent to the membrane surface, and the lipid bilayer
phase. These intrinsic interactions comprise hydrophobic
and short-range electrostatic contributions, including
(de)hydration as well as Born repulsion terms. This partition
equilibrium is then modulated by long-range electrostatic
effects, where Coulombic attraction to or repulsion from
the membrane causes an enrichment or depletion, respec-
tively, of peptide molecules in the interfacial aqueous phase
as compared with the bulk aqueous phase. Usually, fitting
parameters comprise the intrinsic partition coefficient,
K
b=i
P , which quantifies the partition equilibrium of the pep-
tide (P) between the interfacial aqueous (i) phase and the
bilayer (b) phase; the molar transfer enthalpy from the
aqueous phase to the bilayer phase, DH
o;b=i
P ; and the effec-
tive charge number of the peptide, ze, which determines
the strength of Coulombic interactions between the peptide
and the membrane. From K
b=i
P , the change in standard molar
Gibbs free energy is obtained as DG
o;b=i
P ¼ RT ln Kb=iP , and
the entropic contribution can be calculated according to
TDSo;b=iP ¼ DGo;b=iP  DHo;b=iP . We found that the nonaddi-
tivity of the Coulombic and the intrinsic contributions to
membrane binding of myr-Src(2–19) is described remark-
ably well by an empirical rule-of-thumb suggested by Lado-
khin and White (41). Accordingly, the effective peptide
charge, ze, is reduced by 20% relative to the net charge, z,
for each increment in exergonic DG
o;b=i
P of 12.5 kJ/mol.Biophysical Journal 109(3) 586–594
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ters and thus improve the reliability of the best-fit values of
the remaining fitting parameters, we made ze dependent
on DG
o;b=i
P according to this rule-of-thumb. Best-fit values
and corresponding 95% confidence intervals for different
lipid systems are compiled in Table 2 and Fig. 2.FIGURE 2 Comparison of enthalpic and entropic contributions to mem-
brane binding of myr-Src, DH
o;b=i
P and TDSo;b=iP , respectively. Column
heights represent best-fit values, and error bars represent 95% confidence
intervals. Best-fit values of DG
o;b=i
P correspond to the combined heights of
DH
o;b=i
P and TDSo;b=iP columns.Binding to DLPC membranes
Fig. 3 shows integrated and normalized reaction heats
together with fits for titrations of myr-Src with DLPC
LUVs at 25C. At this temperature, DGo;b=iP for binding
of myr-Src to DLPC membranes amounted to 34 kJ/mol
(Table 2 and Fig. 2), which stemmed primarily from a favor-
able entropy change, whereas enthalpymade only a small but
still favorable (i.e., exothermic) contribution. As suggested
above, only 10 carbon atoms of the myristoyl chain of myr-
Src, that is, nine methylene groups and the methyl group,
are embedded within the acyl chain region of the DLPC
bilayer, resulting in an incremental standard molar Gibbs
free energy of 3.4 kJ/mol per inserted carbon. This is in
excellent agreementwith the partitioning of the neutral forms
of fatty acids between water and a bulk organic phase, for
which an incremental value of 3.45 kJ/mol per carbon
has been reported in Tanford (6). Moreover, the same value
has been found for membrane binding of acylated glycines
of different chain lengths at 25C (5).
With DG
o;b=i
P amounting to only 32 kJ/mol, binding
was weaker at 37C, as expected from the observed nega-
tive enthalpy change. Moreover, the change in standard
molar isobaric heat capacity, as derived from the difference
in enthalpy between 25 and 37C, was also found to be
negative, amounting to 433 J/(mol K). For a process
that is driven by the hydrophobic effect, the heat capacity
change is often related to the change in solvent-accessible
surface area (DSASA) of nonpolar surface. The water-
accessible surface areas of methylene and methyl groups
are 30 and 88 A˚2, respectively (42). Accordingly, mem-TABLE 2 Best-fit values and 95% confidence intervals
Description DG
o;b=i
P (kJ/mol) DH
o;b=i
P (kJ/mol) TDSo;b=iP (kJ/mol)
DLPC 25C 33.7 2.6 31.1
(34.1 to 33.3) (2.8 to 2.4) (31.7 to 30.5)
DLPC 37C 31.8 7.8 24.0
(32.2 to 31.4) (8.5 to 7.3) (24.9 to 22.9)
DLPC/DLPS
37C
38.1 14.2 23.8
(38.2 to 37.9) (14.5 to 13.9) (24.3 to 23.4)
DMPC 37C 28.7 7.8 20.9
(29.4 to 27.9) (9.4 to 6.7) (22.7 to 18.5)
DMPC/DMPS
37C
31.2 15.0 16.1
(31.8 to 30.6) (15.8 to 14.3) (17.5 to 14.7)
Best-fit values and 95%confidence intervals (in parentheses) of the thermody-
namic parameters characterizing membrane association of myr-Src as ob-
tained from ITC. Shown are changes upon partitioning from the interfacial
aqueous phase into the bilayer in standard molar Gibbs free energy, DG
o;b=i
P ,
standard molar enthalpy, DH
o;b=i
P , and the entropic term, TDSo;b=iP .
Biophysical Journal 109(3) 586–594brane burial of ~9 methylene groups and one methyl
group, as estimated above for the DLPC-inserted myristoyl
chain of myr-Src (Table 1), results in a DSASA of 358 A˚2.
The heat capacity change per DSASA then amounts to
433 J/(mol K)/(358 A˚2) ¼ 1.21 J/(mol K A˚2). This
agrees well with a value of 1.28 J/(mol K A˚2) previously
determined in Chen et al. (43) for the burial of nonpolarFIGURE 3 Interactions of myr-Src with LUVs composed of DLPC
(50 mM HEPES and 10 mM NaCl at pH 7.4, 25C). ITC titrations were
performed at several peptide and lipid concentrations: (A) 40 mM lipid
into 32.5 mM peptide; (B) 30 mM lipid into 35 mMpeptide; (C) 40 mM lipid
into 45 mM peptide; and (D) 40 mM lipid into 57.5 mM peptide. Integrated
reaction heats, which were normalized with respect to the molar amount of
lipid injected, QL, are plotted versus lipid concentration, cL, for experi-
mental data (circles) and fits (lines). K
b=i
P and DH
o;b=i
P were fitted globally
for all datasets shown. Best-fit parameter values and associated 95% confi-
dence intervals are given in Table 2 and Fig. 2.
Membrane Interactions of myr-Src(2–19) 591surface upon micelle formation in a series of nonionic
surfactants.
Taken together, our results for the interactions of myr-Src
with DLPC membranes are in line with hydrophobicity-
driven insertion of the myristoyl chain of the peptide into
the hydrophobic core of the lipid bilayer. Insertion is only
partial, however, because of a balance between hydropho-
bicity and Born repulsion of the peptide moiety from the
phospholipid membrane. Importantly, our thermodynamic
data suggest that the insertion depth matches the hydropho-
bic thickness of the membrane, thus allowing for optimized
membrane packing. Hence, one may conclude that, in accor-
dance with 2H NMR data (Table 1), the DLPC bilayer expe-
riences no significant perturbation upon peptide binding.
Moreover, the above findings also imply that, for the myr-
Src peptide itself, the entropic cost incurred by the loss of
translational and rotational degrees of freedom upon mem-
brane binding is negligible or compensated for by other
effects, as suggested previously in Weise et al. (7).FIGURE 4 Interactions of myr-Src with LUVs composed of DLPC and
DLPS at a molar ratio of 7:3 (50 mM HEPES, 10 mM NaCl, and
1.5 mM HEDTA at pH 7.4, 37C). ITC titrations were performed at several
peptide and lipid concentrations: (A) 3.5 mM lipid into 30 mM peptide;
(B) 5 mM lipid into 45 mM peptide; (C) 6.5 mM lipid into 45 mM peptide;
and (D) 6.5 mMDLPC into 60 mMpeptide. Integrated reaction heats, which
were normalized with respect to the molar amount of lipid injected, QL, are
plotted versus lipid concentration, cL, for experimental data (circles) and
fits (lines). K
b=i
P and DH
o;b=i
P were fitted globally for all datasets shown.
Best-fit parameter values and associated 95% confidence intervals are given
in Table 2 and Fig. 2.Binding to DMPC membranes
The intrinsic affinity of myr-Src for DMPC membranes
was found to be lower than that for DLPC, as DG
o;b=i
P was
reduced to 28 kJ/mol (Table 2 and Fig. 2). This was due
to a decrease in the entropic gain, whereas the enthalpic
contribution was virtually identical for both lipids. 2H
NMR data (26) suggest insertion of 11.5 carbons of the myr-
istoyl chain into the acyl chain region of DMPC membranes
as compared with only 10 carbons in the case of DLPC.
Hence, on the basis of hydrophobicity alone, one would
expect a higher affinity of myr-Src for DMPC than for
DLPC because of a more favorable gain in entropy resulting
from a greater number of ordered water molecules released
upon hydrophobic dehydration in the former case. However,
both the order parameters and the length of the myristoyl
chain of myr-Src are increased when it resides in a mem-
brane composed of DMPC instead of DLPC (Table 1), indi-
cating reduced chain mobility and, thus, a free-energy
penalty due to loss of conformational entropy. On the basis
of these observations, one may speculate that elongation of
the myristoyl chain of myr-Src in C14:0 as compared with
C12:0 membranes is justified by optimized membrane pack-
ing, allowing the methyl groups of the myristoyl chains of
both the peptide and the phospholipids to be aligned, on
average, at the same z coordinate. However, because of
the smaller length difference between the acyl chain of
the peptide and those of the lipid of 1.3 A˚ in the case
of DMPC as compared with 2.5 A˚ in the case of DLPC (Ta-
ble 2; Fig. 2), an insertion depth of the myristoyl chain of
myr-Src that matches the hydrophobic thickness of the
host membrane would cause an additional free-energy pen-
alty due to partial dehydration of polar peptide and lipid
moieties and Born repulsion. Hence, stretching of the myr-
istoyl chain of myr-Src as compared with those of the sur-rounding DMPC molecules appears to result from a
balance between the hydrophobic effect and optimization
of membrane packing on the one hand and partial dehydra-
tion of the peptide and lipid headgroups as well as Born
repulsion on the other.Effect of anionic phospholipids
Fig. 4 depicts integrated and normalized reaction heats
together with fits for titrations of myr-Src with DLPC/
DLPS LUVs at 37C. The steeper binding isotherms in
comparison with Fig. 3 reflect increased overall membrane
affinity of myr-Src due to the presence of DLPS. This can
be ascribed to Coulombic attraction between basic residues
of myr-Src and the acidic headgroup of DLPS, which
leads to accumulation of peptide molecules in the interfacial
aqueous phase close to the membrane surface (23). In addi-
tion to this long-range electrostatic phenomenon, we found
that DLPS also enhances the intrinsic membrane affinity of
myr-Src, with DG
o;b=i
P amounting to 38 kJ/mol for DLPC/
DLPS mixtures, in comparison with 32 kJ/mol for pure
DLPC at the same temperature (Table 2 and Fig. 2). The
more exergonic DG
o;b=i
P value was caused by a more favor-
able enthalpy change, whereas the entropic contribution re-
mained unchanged. Our NMR data suggest that the more
favorable DG
o;b=i
P in the presence of DLPS arises from
favorable short-range (that is, non-Coulombic) electrostaticBiophysical Journal 109(3) 586–594
592 Scheidt et al.interactions between the peptide moiety of myr-Src and
lipid headgroups, which are not accounted for by Gouy-
Chapman theory. For instance, it has been reported that, in
addition to purely Coulombic interactions, polar and charged
residues can interact with lipid headgroups by monopole-
dipole and dipole-dipole or, more generally, multipolar con-
tacts (44,45). In the present case, such a scenario excluding
major changes regarding the myristoyl chain of myr-Src is
supported by NMR data, because its geometric parameters
are not noticeably affected by the introduction of DLPS
(Fig. 1 and Table 1). Moreover, the order parameters of the
DLPC chain segments near the headgroup region are
increased in phospholipid mixtures containing DLPS as
compared with pure DLPC membranes, both with and
without Src peptide (Fig. 1), presumably facilitating short-
range electrostatic interactions between polar and charged
residues of the peptide and lipid headgroups.
DG
o;b=i
P of myr-Src binding to mixtures of DMPC and
DMPS amounted to 31 kJ/mol, as compared with
28 kJ/mol for DMPC alone. Thus, for C14:0 membranes,
the increase in intrinsic affinity upon introduction of anionic
headgroups was smaller than in the case of C12:0 mixtures.
This difference arose because the entropic gain was dimin-
ished, whereas the enthalpic contribution was comparable to
that of DLPC/DLPS. Interestingly, a decrease in the order
parameters in the upper-chain region of both DMPC and
DMPS upon addition of myr-Src indicates a distortion of
the membrane, as suggested previously in Scheidt and Hus-
ter (26). This might enable water molecules to penetrate
more deeply into the hydrophobic part of the membrane,
which is expected to incur an entropic penalty. Moreover,
it has been hypothesized (26) that the difference in order
parameters between DMPC and DMPS in the presence of
the Src peptide hints at domain formation or lipid demixing,
which would also entail an entropic penalty, as has been re-
ported for other lipidated peptides (7).FIGURE 5 Spin-diffusion buildup curves for the three labeled amino-
acid residues of myr-Src bound to DMPC-d67/DMPS-d54 membranes.
Magnetization intensities, I, are plotted as functions of mixing time, tm,
for experimental data (symbols) and numerical simulations (lines) based
on a lattice model with a spin-diffusion coefficient of D ¼ 0.0012 nm2/s
and a distance between protons of 0.2 nm. The number of steps in the lattice
model is indicated.Secondary structure and membrane topology
Finally, we investigated the secondary structure and mem-
brane topology of the myr-Src peptide by 13C cross-polari-
zation MAS NMR measurements. To this end, we used a
myr-Src peptide with uniformly 13C/15N-labeled amino
acids (in positions Gly2, Lys9, and Ser17) that were bound
to DMPC-d67/DMPS-d54 membranes. All NMR signals of
the labeled amino acids could be resolved (Fig. S4), and
all of them exhibited chemical-shift values that were in
agreement with a random-coil conformation (Table S1 in
the Supporting Material) (46,47). Furthermore, the prox-
imity of these three amino-acid residues to the membrane
surface was corroborated in spin-diffusion experiments
(38). Here, magnetization was prepared exclusively on the
headgroups and glycerol backbone of the lipids using a
long T2 filter and subsequently transferred to the peptide
by spin diffusion during a variable mixing time. Fast magne-Biophysical Journal 109(3) 586–594tization buildup can then be ascribed to membrane insertion
of the peptide, whereas slow magnetization buildup is con-
nected with surface-bound peptides. Peptides that do not
interact with the membrane show no magnetization transfer
at all (18,48).
Fig. 5 shows magnetization buildup curves for the three
labeled amino-acid residues of myr-Src, which are distrib-
uted over the entire peptide sequence. For all labeled resi-
dues, we observed relatively slow and very similar buildup
of magnetization, which reached saturation at a mixing
time of 400 ms. Thus, similar distances of these three res-
idues from the membrane surface have to be assumed, and
there is no indication that the C-terminus of myr-Src points
away from the lipid membrane or displays reduced interac-
tion with the phospholipid headgroups in comparison with
the myristoylated N-terminus. Furthermore, we did not
find any indication of faster magnetization buildup for
the positively charged Lys9 residue, indicating that the
entire peptide is in relatively close contact with the mem-
brane when bound to DMPC/DMPS mixtures, as suggested
before (26,27). For the shorter peptide variant myr-
Src(2–16), larger distances from the membrane have been
derived for residues 11–14 from electron paramagnetic
resonance spectroscopy (25). However, as pointed out in
that study, polar and charged residues near the C-terminus
may be located closer to the membrane than indicated by
the spin labels, and distances from the membrane >5 A˚
are not determined unambiguously. Hence, it is very likely
that all basic amino acids of myr-Src are indeed localized
close to the headgroup region of the phospholipid mem-
brane, supporting the above conclusion that additional
short-range electrostatic interactions with anionic lipid
headgroups contribute to membrane association of myr-
Src(2–19).
Membrane Interactions of myr-Src(2–19) 593CONCLUSIONS
We have shown that myr-Src(2–19) interacts with zwitter-
ionic membranes by partial insertion of its N-terminal myr-
istoyl chain, where insertion depth and chain extent are
dictated by a compromise between the hydrophobic effect
and optimization of membrane packing on the one hand
and Born repulsion and dehydration effects on the other.
The interplay of these contributions results in a higher affin-
ity of the Src peptide for DLPC than for DMPC, although
the latter is expected to enable better hydrophobic matching.
However, insertion into thinner DLPC bilayers does not
require the myristoyl chain to stretch to avoid unfavorably
close contact between and, thus, extensive dehydration of
the peptide and lipid headgroups. Furthermore, we could
show that Coulombic and intrinsic contributions to mem-
brane binding of myr-Src(2–19) are not simply additive,
as short-range electrostatic effects in the presence of anionic
lipids enhance membrane binding more strongly than would
be expected on the basis of Coulombic attraction alone.SUPPORTING MATERIAL
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